Engelmann spruce (Picea engelmannii) and subalpine fir (Abies lasiocarpa) dominate the high-elevation forests of the central and southern Rocky Mountains. Harvesting in the spruce-fir zones of this region was minimal until a major outbreak of the spruce bark beetle (Dendroctonus rufipennis) prompted land managers to conduct salvage operations. The beetle killed approximately 14,160,000 m 3 of standing timber between 1939 and 1951, and annual harvesting increased by nearly 1000% from 1949 to 1956 (Markstrom and Alexander 1984) . Natural regeneration following salvage operations was generally unsuccessful, particularly on southfacing slopes. Ronco (1970 a,b,c) showed that Engelmann spruce seedlings are easily injured by the light intensities at these elevations and develop chlorotic foliage, often resulting in mortality. Ronco (1972) published guidelines for the artificial establishment of Engelmann spruce, recommending that seedlings be shaded to the southwest with logging debris. Survival following planting was often poor due to mortality caused by gophers (Thomomys talpoides), heavy snowpacks, snowmold fungus (Herpotrichia nigra), and the environmental extremes at these elevations. Despite advances in stocktype, storage, and planting techniques, seedling survival is still highly variable, and many sites must be planted repeatedly to reach stocking goals.
Tree shelters were developed in England in 1979, primarily for protecting trees from browsing (Potter 1988) . Unexpected benefits were realized when various oak (Quercus spp.) seedlings showed better survival and early growth rates when sheltered (Tuley 1983 (Tuley , 1985 . Compared to the outside environment, tree shelters generally contained lower light and increased CO 2 , temperature, and relative humidity (Frearson and Weiss 1987, Minter et al. 1992 ). In the United States, most research has focused on the establishment of various oak species in the East. Numerous studies have confirmed the pattern of increased growth and survival rates of sheltered oak seedlings (Manchester et al. 1988 , Lantage 1991 , Kittredge et al. 1992 , Minter et al. 1992 , although a recent study found that shelters decreased both growth and survival of underplanted red oak (Quercus rubra) seedlings after 5 yr (Bardon et al. 1999) . Far less research has been documented concerning the use of tree shelters with coniferous species. Tuley (1983) creased although lateral branching was restricted (Costello et al. 1996) . Svihra et al. (1996) found no difference in height or diameter and reduced root weights in sheltered redwood (Sequoia sempervirens). We know of no studies that examined the use of tree shelters with Engelmann spruce or at the elevations associated with the spruce-fir zones in the central and southern Rocky Mountains. The objective of this study was to determine if tree shelters can improve high-elevation Engelmann spruce reforestation success.
Materials and Methods

Site Description
The outplanting site for the study was located just north of Orphan Butte (Lat.37°34′N, Long.108°01′W) in the San Juan National Forest in southwestern Colorado (Figure 1 ). The average elevation of the site was 3273 m, and slopes ranged from 2-15%. The aspect of the site was west-southwest. This site was chosen because it represented one of the more difficult spruce sites to reforest. The 48 ha unit was clearcut in 1970 and failed to regenerate naturally. Engelmann spruce seedlings were planted in 1976 and again in 1985. Survival following both planting attempts failed to meet USFS stocking requirements (375 trees/ha). A third planting attempt was made in August-September of 1996 as part of the San Juan National Forest Reforestation Program. Approximately 1.5 ha within the unit were reserved for the study.
Treatments
The tree shelters used (Tree Pro, West Lafeyette, IN) were made from recycled polyethylene plastic and measured 30.5 cm in height and 8.9 cm in diameter. Four colors of tree shelters, ranging from nearly clear to brown, were used. Each color provided a different degree of shading to the seedlings. The shelters were shipped flat and assembled on site. The shelters were wrapped around the planted seedling and attached to a 61 cm wooden stake at two points with highstrength plastic ties, forming an open-ended cylinder when assembled (Figure 2 ). The shelters were designed to photodegrade at 5 yr, a point at which we expect that the seedlings should be able to survive without direct shading.
The fifth treatment represented a control, where seedlings were planted using the operational method of shading the seedlings to the southwest using materials from within the site (Figure 3 ). In accordance with USFS contractual guidelines, acceptable shade for the control included logs, stumps, shrubs, or rocks at least 25 cm in height and within 15 cm of the seedling. Planting was accomplished between August 25 and September 4, 1996, in conjunction with the late-summer monsoon rainfall pattern. A 50 by 50 cm scalp to remove competing vegetation from the planting spot was required. The seedlings were planted at approximately a 2.7 m spacing.
Seedlings
Engelmann spruce seedlings (seed lot ES-13-247-105-72) were grown in containers for 1 yr at the USFS Bessey Nursery, NB. The seedlings were lifted on August 15, 1996, and transported to the Dolores Ranger District, Colorado, where they were stored in a refrigerated trailer. Seedlings were transported to the site approximately 24 hr before anticipated planting and were kept shaded at all times. At the time of planting, the seedlings had approximately a 15 cm top and a 15 cm root system.
Measurements
Height (root collar to the top of the terminal bud) and stem diameter (average of two measurements at root collar taken 90° from one another) were measured for all seedlings immediately following planting. These same measurements were again taken following the 1997 and 1998 growing seasons. Because most seedlings did not break terminal bud in 1997, a measurement of the seasonal growth of the leading shoot was also recorded. This measurement was either of a lateral shoot that became the new leader in 1997 or a terminal shoot that continued to maintain status as a leader. Terminal bud death, attributed to winter desiccation, has been observed previously in blue spruce (Picea pungens) seedlings (Linquist et al. 1963 , Bongarten 1978 . Although most seedlings did break terminal bud in 1998, seasonal leader growth was again measured at the end of this growing season.
Seedlings were evaluated for physiological condition following each growing season. Seedlings were classified under six possible categories: (1) Healthy, green foliage (<5% browning, yellowing, needle loss), (2) Slight browning/ yellowing/needle loss (5-50% of foliage affected), (3) Significant browning/yellowing/needle loss (>50% foliage affected), (4) Seedling top pushed under shade, (5) Gopher pile buried seedling, and (6) Dead.
The cause of seedling mortality was classified under six possible categories: (1) Physiological-needle browning/ loss, (2) Gopher-clipped above ground, (3) Gopher-clipped below ground, (4) Seedling top pushed under shade, (5) Gopher pile buried seedling, and (6) Unknown (no tree-no gopher evidence).
To assess the impact of snowpack, the number of leaning seedlings was recorded three times during the 1997 growing season. A seedling was designated as leaning if the angle of the stem was more than 45° from the vertical. In addition, the number of seedlings that broke terminal bud was recorded three times during the 1997 season and at the end of the 1998 growing season.
The physical condition of the tree shelters was recorded immediately following the winters of 1996-1997 and 1997-1998 . Shelters were classified under five possible categories: (1) Shelter, stake upright-no damage, (2) Shelter plastic malformed, (3) Shelter plastic cracked, (4) Wooden stake cracked, and (5) Shelter damaged beyond repair. Shelters showing slight malformations to the plastic were repaired, and plastic ties that broke were replaced. However, no shelters or stakes were replaced during the course of the study.
Measurements were taken to determine the percentage of photosynthetically active radiation (PAR) reaching the seedlings for all treatments using an AccuPAR ceptometer (Decagon Devices, Inc.). An unshaded PAR measurement was taken above the shelter/seedling, representing full sun conditions. Then, PAR measurements were taken from 0 to 30 cm aboveground at four 90° quadrants adjacent to the seedling and within the shelter (Figure 4 ). The four measurements were averaged, and the average divided by the full sun measurement represented the percentage of available PAR reaching the seedling. Samples were taken on clear days between 11:30 a.m.-12:30 p.m. and 2:30-3:30 p.m. A total of 45 randomly selected seedlings, with treatments and blocks equally represented, were measured at each of the two sampling periods.
Experimental Design and Statistical Analysis
The study design was a randomized complete block with five treatments (Figure 5 ). The first four treatments involved shading the seedlings using the four different shelter colors, and the fifth treatment represented the control. A slope within the clearcut was selected, and three blocks of approximately 0.5 ha each were marked off and distinguished as an upper, middle, and lower slope block. Each block contained 500 seedlings, which were subdivided into 20 square plots, each containing 25 seedlings. Four plots of each of the five treatments were randomly assigned to the 20 plots in each block. Thus, 300 seedlings were planted using each of the five treatments, for a total of 1500 seedlings in the study.
Total height and stem diameter following the 1997 and 1998 growing seasons were analyzed using an analysis of covariance (ANCOVA). The 1996 initial heights and stem diameters were used as covariates for the analysis of each year and a least squares means analysis was used to distinguish differences among treatments (α = 0.05). Terminal leader growth during 1997 and 1998 was analyzed using an analysis of variance (ANOVA), and differences among treatments were evaluated using a least squares means analysis (α = 0.05). Seedling survival percentages (following arcsine transformations to meet assumptions of normality and constant variance) and the percentage of PAR reaching the seedlings (transformations unnecessary) were both evaluated using ANOVA, and differences among treatments were reported using Tukey's test for mean separation (α = 0.05). For all measurements, data from treatment plots within each block were combined, and the error term for testing for significant treatment effects was the block by treatment interaction.
Results
Tree Shelter Condition
Snowfall during the winter of 1996-1997 was above average. This was confirmed by a snow-precipitation report, dated January 28, 1997, from the USDA Water and Climate Center in Portland, OR. The report indicated that Lizard Head Pass, approximately 24 km to the northwest of Orphan Butte and at an elevation of 3090 m, had precipitation levels 209% of average. Scotch Creek, approximately 13 km northwest of Orphan Butte and at an elevation of 2750 m, had precipitation levels 241% of average. Forest service employees from the Dolores District estimated that snowpack levels at Orphan Butte reached at least 4 m. Nearly all shelters were undamaged following the 1996-1997 winter and continued to remain functional following the 1997-1998 winter (Table 1) .
Seedling Shading
The percentage of PAR reaching the seedlings ranged from approximately 7 to 24% in the shelter treatments (Figure 6 ). PAR decreased from shelter treatment A to D. The percentage of light reaching the seedlings in the control treatment did not differ significantly from shelter treatments A and B. Shelter treatment D was brown in color and allowed less than 7% of PAR to reach the seedlings, significantly less than any other treatment.
Seedling Condition
Immediately following the 1996-1997 winter, 38% of surviving seedlings in the control treatment were leaning as compared to only 2% in all shelter treatments. This decreased to 15% for the control and 0.5% in all shelter treatments at the end of the 1997 growing season.
At the beginning of July 1997, only 8% of surviving seedlings in the control treatment had burst terminal bud, compared to 19% in all shelter treatments. However, by the end of the 1997 growing season, 24% of control seedlings had burst terminal bud and retained the old terminal shoot as the new leader, compared to 18% of sheltered seedlings. At the end of the 1998 growing season, 86% of surviving control seedlings had the terminal shoot from 1997 as the new leader, compared to 94% of sheltered seedlings.
Seedling survival for shelter treatments A through C was greater than 95% for each year (Figure 7 ). Survival in shelter treatment D averaged only 5% following 1997 and was, therefore, disregarded from additional data collection. Survival in the control treatment was 72% at the end of 1997 and 58% at the end of 1998, significantly lower than shelter treatments A through C for each year. The majority of seedling mortality in the control treatment was attributed to gophers (Table 2 ) although a substantial number of seedlings died due to unknown causes because no tree was found in the designated planting spot.
Surviving seedlings in shelter treatments A through C generally had healthy, green foliage at the end of each season (Table 3) . A substantial percentage of seedlings in the control treatment showed signs of physiological stress, such as yellowing or browning needles, following each growing season. 
Seedling Growth
No significant differences among treatments were established for total height at the end of 1997 (Figure 8) . However, at the end of 1998, total height for seedlings in the control treatment was significantly less than for shelter treatments A through C (Figure 8 ). Although not statistically significant, means for total height progressively increased from shelter treatment A to C following both growing seasons. Growth of the leading shoot was significantly greater for shelter treatments A through C than the control treatment following both the 1997 and 1998 growing seasons (Figure 9 ). Leader growth within the shelter treatments followed the same trends observed for total height with mean growth progressively increasing from lighter to darker shelter color. Seedlings in the control treatment had a significantly smaller rootcollar diameter than shelter treatments A and B at the end of the 1998 growing season (Figure 10 ), although this difference was not established for shelter treatment C (P = 0.0966). Stem diameter in shelter treatments A through C showed trends opposite to those established for total height. Means generally decreased from shelter treatment A to C following both growing seasons. S 1997 1998 1997 1998 1997 1998 1997 1998 1997 1998 
Discussion
The ability of tree shelters to withstand a high-elevation Rocky Mountain winter was a major concern in the development of this study. We know of no published studies that have used tree shelters at this high an elevation. The shelters held up surprisingly well to both winters (Table 1) , and nearly all shelters were fully functional during each growing season following minimal maintenance. After 2 yr, there was little sign of photodegradation, and nearly all shelters should remain functional until the end of five growing seasons when shading should no longer be necessary.
The poor survival of seedlings in shelter treatment D was probably due to the low percentage of PAR light reaching the seedlings. In addition, the brown color of the shelters in this treatment probably negatively altered the quality of light that the seedlings received. Shelter treatments A through C, however, dramatically improved survival over the course of the first two growing seasons as compared to the control treatment (Figure 7) . A primary reason for this difference was due to the protection that the shelters provided the seedlings from gophers. Nearly all seedlings that were killed by gophers were clipped at the stem at groundline (Table 2) , and the shelters provided effective barriers to prevent gophers from reaching the seedlings during early spring when other vegetation was scarce. Gophers have been a consistent reason for Engelmann spruce planting failures throughout the Rocky Mountain Region.
The shelters also provided protection for the seedlings from the heavy winter snowpack at these high-elevation sites. This was reflected in the substantially higher percentage of leaning seedlings following snowmelt in the control treatment as compared to the sheltered trees. Many seedlings that were severely bent by snowpack died thereafter. The shelters formed a protective barrier around the seedlings and held them upright under the weight of the snow.
Physical protection from snowpack and other environmental extremities also helped to produce a greater percentage of healthy seedlings (Table 3) in shelter treatments A through C as compared to the control treatment. In addition, many of the control seedlings were shaded with vegetation that gradually developed over the course of several weeks following snowmelt, temporarily subjecting the seedlings to full or partial sunlight. Some seedlings may have been injured by light intensities during this period. The shelters provided a more constant form of shade protection. The low percentage of healthy seedlings in the control treatment following the 1998 season suggests that control seedlings may continue to die or grow poorly in the coming years.
Engelmann spruce seedlings grow extremely slowly, commonly taking 20-40 yr to reach breast height (Alexander 1987) . Even slightly improved growth rates may provide seedlings with the advantage to overcome mortality. Seedlings in shelter treatments A through C generally grew faster than seedlings in the control treatment over the course of the experiment (Figures 8-10 ). Enhanced growth rates in sheltered trees have been attributed to increased temperatures and CO 2 levels (Frearson and Weiss 1987) within the shelter environment. Higher CO 2 levels may be a result of increased temperature and relative humidity rates stimulating the respiration of soil organisms directly beneath the shelters (Mayhead and Jones 1991) . The higher temperatures probably caused the early budburst noted in sheltered seedlings. Seedlings grow for only 2-3 months at these elevations, and early budburst will extend the growing period while the higher temperatures and physical boundary created by the tree shelters should help to protect sheltered seedlings from a lateseason frost.
Sheltered seedlings generally grew more in total height and leader growth (Figures 8 and 9 ) and less in stem diameter (Figure 10 ) when progressing from a lighter to darker shelter color. A greater degree of shading stimulated the seedlings to grow more in height to reach available light. This increase in height growth was accomplished at the expense of diameter growth. This phenomenon has also been observed in Engelmann spruce seedlings faced with heavy vegetative competition (Coates et al. 1991) .
Management Implications
Because this study was not replicated over multiple sites, the results could deviate somewhat when transferring this technique to an area with very different site characteristics. However, the Orphan Butte site was typical of many insufficiently stocked spruce-fir sites in the region. The study results indicate that tree shelters allowing between 16 and 24% of available PAR to reach the seedlings can be used in Engelmann spruce plantings to improve seedling survival at Orphan Butte. Shelters allowing 21 to 24% of available PAR to reach the seedling (shelter treatments A and B) resulted in the best growth response. The shorter, stockier seedlings are less vulnerable to gopher browsing because gophers are less likely to clip the stems of seedlings as their diameter increases. In addition, these seedlings are less prone to snow damage as a taller, smaller-diameter seedling (shelter treatment C) is more likely to be bent under the weight of heavy snowpack following shelter removal. Shelter treatment B, allowing 21% of PAR light to reach the seedlings, is the standard shelter color currently marketed by Tree Pro.
The majority of tree shelters should not be severely damaged by winter snowpack, but some maintenance is recommended following snowmelt to prevent bent shelters from restricting the growth of developing seedlings. The shelters were designed to photodegrade at 5 yr, but it is possible that some shelters will remain intact beyond this point. Further research may be necessary to develop a shelter design that requires even less maintenance following a highelevation winter. With regard to environmental and cost considerations, the best shelter design would utilize a strong enough plastic to allow the shelters to be collected at the end of 5 yr and reused at another site.
The cost of a single Tree Pro shelter and stake is currently $0.95 (based on an order of 1000 or more). Experience indicates that a forest worker could assemble 150-200 shelters on a site in a 7.5 hr day. Thus, the use of tree shelters would increase Engelmann spruce planting costs due to material and labor expenses. However, the cost incurred by the USFS for planting typical spruce-fir sites in the San Juan National Forest, CO, with the traditional shading method was $1,075/ha in 1996 (Phil Kemp, USFS Dolores District silviculturist-personal communication July 10, 1997). The costly replanting of many sites in an attempt to reach acceptable stocking and the designation of some harvested sites as nonforestland following repeated planting failures may make the use of tree shelters cost effective in certain circumstances. The enhanced survival of sheltered seedlings would allow for lower planting densities, also helping to justify the cost of shelters.
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